Background: Instrumented lumbar arthrodesis has been established as the gold standard in the care of patients with degenerative disc disease. However, spinal fusion results in the elimination of motion of the functional spinal unit and has been implicated in the development of adjacent-level degeneration. Motion-preserving devices such as the dynamic rod allow for stabilization of a pathologic motion segment above a fused segment and create a transitional zone (index level) that decreases the loads applied to the supra-adjacent normal segment. Methods: After institutional review board approval, 28 patients were included in this prospective, consecutive, nonrandomized clinical trial. Each subject was consented for dynamic stabilization. There was no attempt at fusion at the dynamic level. The cohort underwent a posterior lateral spinal fusion with single-or 2-level transforaminal lumbar interbody fusion by use of a cage, with superior-level posterior dynamic instrumentation. Functional clinical outcomes were measured with a 100-point visual analog scale, Oswestry Disability Index, and Short Form 36 questionnaire. Radiographic measurements, fusion evaluation, complications, and screw loosening were recorded. Results: A minimum of 24 months' follow-up data included 22 patients. No device failure or screw breakage was identified. Postoperative range of motion averaged 2.5°at the index level, and the superior adjacent-level range of motion remained unchanged (P Ͼ .05). Disc height was preserved at all levels (P Ͼ .05). Of 180 screws, 6 (3%) showed radiographic loosening. Functional outcomes showed significant improvement in mean postoperative visual analog scale score by 24.7 points (P Ͻ .01) and Oswestry Disability Index by 27.6 points (P Ͻ .01), as well as the Short Form 36 physical (P Ͻ .01) and mental (P Ͻ .05) components from baseline to 2-year follow-up. Conclusions: Our preliminary results at 2 years are satisfactory. Clinical Relevance: Ultimately, further follow-up will assess the potential for this treatment to delay adjacent-level changes in the long term.
Spinal fusion has been the standard treatment for degenerative disc disease and other degenerative conditions of the spine after failure of nonoperative regimens. Successful instrumented fusions provide immediate stability after decompression and long-term maintenance of correction after reconstruction but also eliminate motion of the segment. More than 25 years ago, Ehni 1 stated that "fusion generates a conflict between immediate benefit and late consequences." With rigid fusion of the lumbar spine motion segment, the cephalad adjacent level undergoes increased loading stresses, an altered lordotic curve, and shifting of the instantaneous axis of rotation (IAR) posteriorly, which causes a nonphysiologic neo-hinge effect. 2 These abnormal forces lead to a degenerative process that is well documented and may result in additional surgery. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In their series of 215 lumbar fusion patients, Ghiselli et al. 3 reported a predicted rate of reoperation for adjacentlevel disease of 36.1% at 10 years. Gillet 4 reported a 37% incidence of adjacent segment changes at greater than 5 years in a series of 106 lumbar fusion patients. It was suggested that "preventative reinforcement" of the adjacent level may be a solution to degeneration of the transitional segment.
Dynamic stabilization is defined as a system that alters the motion and load transmission of the spinal motion segment in such a way as to favor protective physiologic motion and load through that segment without producing a fusion. 2 By accomplishing this goal, the objective is not only pain relief but also prevention of damage to the adjacent intervertebral disc and surrounding tissues. 5 Recent literature suggests that a window of opportunity exists in which the functional spinal unit (FSU) may be spared from the degenerative cascade if the mechanical loads upon it return to within physiologic range. 2, 5, 12 Any attempt to preserve motion of the FSU must maintain physiologic quality of motion as well. If an implant does not provide an IAR that is close to the normal physiologic kinematics, then failure of the system will surely result. 2 The goal is to restore the IAR as close to that of a normal FSU as possible while limiting the amount of motion and controlling the loads applied to the postsurgical spinal segment. Interpedicular travel is necessary to maintain the IAR in a more physiologic position (Fig. 1) . 8, 13, 14 The dynamic rod provides a transitional zone between the healthy spine and the fused segment by decreasing the abnormal loads applied to the segment supra-adjacent to the index level. The goal of this treatment modality is to decrease adjacent-level disc degeneration and still provide good functional outcomes. This research assesses early functional outcomes and will prospectively study adjacent segment degeneration.
Methods
This study was approved by the hospital institutional review board. There were 28 patients, 17 women and 11 men, with a mean age of 43 years. There are 22 patients with complete 2-year follow-up data. All patients were diagnosed preoperatively with degenerative disc disease of the lumbar spine that resulted in significant back and leg pain for greater than 3 months for which conservative care had failed (Table 1 ). All patients were consented for dynamic (non-fusion) instrumentation at the index level. No attempt at any fusion was done at the index level. The transverse processes were not exposed, and the facet capsules were preserved. We did not bill the patients' insurance for a fusion at the index level. Some of these patients had additional pathologic spinal diagnoses such as herniated nucleus pulposus, spondylolisthesis, and spinal stenosis that were recorded anecdotally and followed prospectively.
These patients also had appropriate decompressions and laminectomies.
The construct selected for this study is designed to fuse the caudal level(s) of lumbar degeneration and "top off" the fusion with a dynamic rod on the affected cephalad level without fusing this level. All the index "topped-off" levels were thought to need a fusion. The index level is the level that is dynamized (ie, instrumented with a dynamic dampener). The adjacent level is the one immediately above this. The adjacent level was always normal on magnetic resonance imaging and discography, and the index level was always pathologic in this study. No normal levels were instrumented. Functional and radiographic outcomes are measured to study the results on the cephalad (dynamic or index) level, not the fused levels, to report on the early incidence of adjacent-level disease for this design at 2 years postoperatively.
The patients in this study underwent a 2-or 3-level lumbar decompressive laminectomy, depending on how many levels fit the radiographic inclusion criteria for degenerative level changes. No facetectomy greater than 50% was performed. Any patient with a facetectomy greater than 50% underwent fusion and was not included in the study. In addition, a traditional single-or 2-level transforaminal lumbar interbody fusion with rigid fixation and posterior-lateral fusion were performed at the caudal level(s) of the lumbar degeneration (Fig. 2 ). The dynamic, or "index," level was chosen simply as the most cephalad level of lumbar degeneration that fit the radiographic criteria of a pathologic pain generator. No degenerative changes or discogram-proven concordant pain responses were identified at the level above the index in each patient. All patients presented with a "normal" disc at the level above the index level. The pedicle screw and rod construct used in this study is the Isobar TTL (Scient'x USA, Maitland, Florida). It consists of a 5.5-mmdiameter titanium rod with an integral dampener element. The dynamic dampener component of the rod was placed at the cephalad level of the construct (ie, the L4-5 level in the Dural tear 24 mo 2 L5-S1 L4-5 DDD at L4-5 L5-S1 HNP at L5-S1 Stenosis at L5-S1
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Radiographic measurements
Radiographic inclusion criteria for degenerative disc disease based on plain film changes, magnetic resonance imaging, and computed tomography were present at all levels surgically treated. All of these levels also had fully concordant pain response on discography (Fig. 4) .
Multiple radiographic parameters were evaluated preoperatively, and these were repeated at less than 6 weeks and 3, 6, 12, and 24 months postoperatively. The radiographic measurements include disc height ratio (Fig. 5) , intervertebral angle, lumbar lordosis, vertebral translation, and mobility in flexion and extension.
The presence of radiographic fusion was evaluated by use of a 3-point scale (0, non-fusion; 1, partial or uncertain fusion; and 2, fusion) based on plain radiographs and a spiral computed tomography scan taken at 1 year postoperatively.
No preoperative dual-energy x-ray absorptiometry scans were done.
Functional outcomes
Functional outcomes were assessed with a 100-point visual analog scale (VAS), the Oswestry Disability Index (ODI), and the Short Form 36 (SF-36) global health-related quality-of-life questionnaire. These functional parameters were recorded preoperatively and at every clinical follow-up visit. 3 . A 37-year-old woman after discectomies at L4-5 and L5-S1, with degenerative disc disease at L3-4, L4-5, and L5-S1 (A). She also had a positive discogram at L3-4 (B), L4-5 (C), and L5-S1 (D) with a normal disc at L2-3. She underwent an L4-S1 fusion with dynamic instrumentation at L3-4.
Statistical methods
The outcomes were statistically analyzed by use of paired-observation t tests with post hoc test to determine any significant changes at follow-up. The significance level (␣) for all statistical tests was established a priori at .05. All mean values are reported, along with standard deviations.
Results

Functional questionnaires
ODI scores improved from preoperatively to 2 years postoperatively by 27.6 points, from 49.9 Ϯ 15 to 22.3 Ϯ 12.8 (P Ͻ .01). VAS scores also improved, by 24.7 points, from 60.5 Ϯ 23.4 to 35.8 Ϯ 30.8 (P Ͻ .01). The physical component of the SF-36 scores improved significantly by 9.8 points, from 28.8 Ϯ 6 to 38.6 Ϯ 12 (P Ͻ .01), and the mental component improved by 7 points, from 35.9 Ϯ 7.3 to 42.9 Ϯ 8.9 (P Ͻ .05).
Disc height ratio
The disc height ratio 2 levels above the index level was maintained from preoperatively to the 2-year visit (P Ͼ .05). The disc height ratio at the level above the index level increased significantly by 14.6%, from 0.474 Ϯ 0.1 to 0.543 Ϯ 0.1 (P Ͻ .05). At the index level, the disc height ratio showed no significant change from preoperatively to 2 years postoperatively (P Ͼ .05) (Fig. 6 ).
Disc angle
Two levels above the index level, the disc angle increased by 3.2°, from 6.6°Ϯ 3.2°to 9.8°Ϯ 3.3°(P Ͻ .01). The disc angle above the index level increased by 2°, from 8.9°Ϯ 3.2°to 10.9°Ϯ 2.7°(P Ͻ .05). The disc angle at the index level decreased by 3.5°, from 10.1°Ϯ 3.8°to 6.6°Ϯ 3.7°(P Ͻ .01) (Fig. 7) . 
Mobility
The spinal motion segments 1 and 2 levels above the construct did not show any change in range of motion as compared with preoperative measurements (P Ͼ .05). The motion at the index level decreased from 13.2°Ϯ 3.8°to 2.5°Ϯ 3.6°(P Ͻ .01) and was preserved from first postoperative visit to 2-year follow-up (P Ͼ .05) (Fig. 8) . This was expected because the device is designed to allow only 2°of flexion and 2°of extension, thereby shrinking the "neutral zone." 15 Other evaluations were recorded: lumbar lordosis, fusion, translation, and screw loosening. Overall, radiographic measurement of lumbar lordosis was preserved from preoperatively to 2 years postoperatively (50.2°Ϯ 11°to 53.4°Ϯ 13°) (P Ͼ .05). All patients but 1 achieved a fusion score of 2 at 1-year follow-up, with 1 case of pseudarthrosis identified at 4-year follow-up. Patient radiographs were also evaluated for translation at the index level. No statistical increase in translational deformity was identified in this series of patients. It should be noted that all radiographic measurements were calculated manually, which could make the statistical results questionable, so the measurements were confirmed by 2 independent observers to improve accuracy. All of the pedicle screws were evaluated for radiographic evidence of loosening (Fig. 9) . Overall, 6 of 180 screws (3%) were determined to be loose. In 1 patient 2 screws were loose at the level above the dampener element of the rod at the L4 vertebral body and pedicle. Another patient had screws loose above (L4) and below (L5) the dampener and radiographic evidence of pseudarthrosis at the L5-S1 intervertebral disc space.
Complications
Complications that did not require reoperation included 1 case each of segmental kyphosis at the index level, reflex sympathetic dystrophy that resolved after 6 weeks of physical therapy, seroma, and a dural tear that was repaired intraoperatively ( Table 1 ). The fourth patient who underwent surgery presented with segmental kyphosis and has had no complications from this. The surgical technique was modified so as not to create segmental kyphosis in all other patients. Four patients required further surgery for the following postoperative complications: a herniated disc at the index level, which was removed 6 weeks postoperatively, and three cases of postoperative infection, which resolved after operative debridement (Table 1) . At 2 years postoperatively, no patient required revision of the dynamic rod construct, but at 4 years postoperatively, 3 patients underwent revision to a fusion (Fig. 10) . One patient (patient 12) had 2-level screw loosening and a pseudarthrosis of the fusion mass, and another patient (patient 11) had unresolved radicular pain. The third patient (patient 3) had a synovial facet cyst (Fig. 11) , and this was a result of medial rod placement (Table 1) . Of the 3 patients who underwent revision, 2 showed no evidence of screw loosening at the time of surgery. Patients who presented with radiographic loosening and no symptoms were not treated with surgical revision.
Discussion
Adjacent-level disc degeneration after a lumbar arthrodesis warrants concern about the long-term functional outcomes and stability of the spine after fusion. Recent literature suggests that the heretofore gold-standard method of treating spinal degeneration and instability must evolve.
Dynamic stabilization has been shown to be safe and effective in the treatment of lumbar degenerative disc disease through early clinical studies in Europe. 6 The instrumentation design seeks to allow a predetermined range of motion to achieve symptom relief yet preserve some of the anatomic load-bearing functions of the FSU. It accomplishes this by sharing the load and motion at the index level Fig. 8 . Mean values for radiographic measurement of angular mobility at each visit. Fig. 9 . Radiographic evidence of screw loosening. The "halo" around the L4 and L5 screws in the vertebral body and pedicle should be noted. This patient also presented with a pseudarthrosis of the L5-S1 interspace at 4 years postoperatively and underwent revision to an L4-S1 fusion and repair of the pseudarthrosis.
with the superior adjacent level. This is hypothesized to decrease the incidence or severity of adjacent-level disc degeneration. 16 The integral dampener element in the system used in this study results in a design-allowable 0.75 mm of maximum axial compression or distraction (interpedicular travel), as well as a maximal allowable 4°of angular motion (in flexion-extension and lateral bending). This system also includes approximately 15°of lordosis built into the rod.
The use of this technology as a hybrid system is a novel technique designed to minimize or prevent adjacent-level disc disease in the setting of lumbar fusion while providing good functional outcomes. This is a Food and Drug Administration "off-label" use of this implant. Our study shows that this operation is safe, with relatively few complications. The outcome measures, including the ODI, VAS, and SF-36, show marked improvement in pain and functionality in these patients. These improvements are at least comparable to the historic measures seen in lumbar fusion operations with comparable follow-up. 17 The radiographic data suggest preservation of the motion at the index level with no increase in the motion at the supra-adjacent segment. There does not appear to be evidence of adjacent segment disease as proven by the maintenance of disc height and range of motion at 2-year follow-up. Adjacent-level degeneration occurred in only 1 patient, and this was because of the surgeon's error of not placing the rod lateral to the superior facet joint (Fig. 11 ). There is a 14.6% increase in the disc height ratio at the level above the index level, which is statistically significant. This could represent very early hyperlaxity of the annular fibers, yet no increase in range of motion was found at this level. The increased disc height above the index level should be carefully assessed in future studies involving dynamic instrumentation of the spine. Discectomy was not a factor in postoperative kyphosis. Kyphosis developed in the first patient whom we operated on; this was considered iatrogenic, a result of the distraction applied between the screws to place the dynamic implant at L4-5. No correlation with "aggressive" discectomy or facetectomy in patients with increased range of motion at the adjacent level was identified. Of course, these results are early clinical measures. The ultimate objective of the current study is to evaluate the patient cohort at 10 years after surgery. Only then can the impact of dynamic stabilization on the mitigation of the incidence of adjacent-level disease be truly evaluated. Our preliminary data are encouraging, but certainly longer-term follow-up is required. The revision rate and the incidence of spontaneous fusion seem to be increasing with longer follow-up. We will report on the 5-year and 10-year outcomes for these patients.
